During the past few years, methods have been developed to predict the
They depend upor. inspection effective-
ness which, in turn, depends upon structural complexity, quality, and the
percentaga of the structure inspected.
choosing materials properly, designing damage-tolerant structures, and
And, for fleet operations, costs can be
minimized through proper inspection schedules, and enhanced reliability
can be compatible with minimum cost.
nation of probability theory and engineering equations.

reliability of aircraft structures.

increasing inspection frequency.

During the past few years, methods have been developed to predict the
reliability of aircraft structures. The methods are derived from a combi-
nation of probability theory and engineering equationms.
application was to military aircraft operations, where the military urgently
needed ways to prolong fleet life and to ensure that enough aircraft were
The purpose of this paper is to acquaint the
operators of the commercial fleet with these methods and how they have been

used to improve reliability and reduce the cost of operationms.

always available for use.

The discussions in this paper are not meant to serve as 'cookbook"
guides to application, but only to synopsize some of the methods applicable
Those who wish to apply these methods to
their own fleet operations are urged to consult the references which
discuss, in more detail, how the methods arc used and what data are needed

to commercial fleet operatiom.

NASA Langley Research Center

as input for the analyses.
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RATTONALE FOR STRUCTURAL INSPECTIONS

John R, Davidson

SUMMARY

INTRODUCTION

INSPECTION

Reliability can be enhanced by

Reliability methods depend upon inspection.
inspection problem encountered in the laboratory.

5.5 cm wide, is subjected to repeated loads in tension.
it will start at the small drilled holes and will propagate across the
width. Cracks 0.1 mm long can be found easily for two reasons:
inspector knows where to look, and the specimen is accessible.

Figure 2 is a photograph of an aircraft wing box, a much harder inspec-~
Sometimes the inspector knows where to look (for example, if

tion problem.

Their earliest

The methods are derived from a combi-

Figure 1 shows a typical
The specimen, about
If a crack grows,
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he is responding to an afrworthiness directive), but, cven so, cracks can occur
anywhere. And a few parts of the structme are Inaccessible to anything cxcept
a teardown inspectfon, Practical incpection and reliability methods must take
into account the possibility of random e locatfions, multiple flaws, and area
inaccessibility,

The reliability after inspection depends vpon how well a crack can be
detected, Figure 3 (refs. ! to 3) shows some typical data for the probability
of detection (solid lines). 1lu contrast, the dashed lines show some empirical
fits; they can be adjusted analytically to match reasonably smocth experimental
curves fairly well. In general, the probability of detection is larger for
longer cracks. Ultrasonics and dye ponetrant inspections are more sensitive
than X-rays, but to use them the arca must be accessible, X-rays are used for
inaccessible areas, but the radiation source must be positioned directly over
the crack. The data in figure 3 are {rom detectability tests generally under
laboratory conditions. Part of the reason that the experimental curves are not
smooth is the paucity of data, cven though these curves were obtained during an
extensive and well-planned program., The uncevenness of the curves illustrates a
point: not much data exist yet about the inspection process, a process that
includes both apparatus and inspector. A statistician, of course, would want
enough data points to establish 90-percent or 95-percent bounds on the curves.

Figure 4 (ref. 4) shows oue of the empirical curves. It has several
features. First, if the crack is short cnough, it cannot be found (detect-
ability is 0). Second, therc is ua crack length that corresponds to some given
detectability; here, cracks of length o and longer can be found at least
90 percent of the time. And finally the curve may never reach 1.0 because, for
various reasons, even long cracks arc occasionally uverlooked. Sometimes the
curve may not be completely defined, but for some uses, only the crack length
at some percent of detectability needs to be knovn., Such a simple case is con-
sidered first.

With these aspects in mind, figuie 5 (ref. 5) relates the reliability after
inspection to the probability that the part was crack free before inspection.
Reliability here has a specific mcaning: » part that has passed inspection has
passed because it was thought to have heen crack free. Reliability after
inspection is the probability that the part actually is crack free., Detect-
ability is a parameter for the various curves., Here the inspector knows where
to look, and only must decide whether one crack of some given length (such
as 4 mm) or longer is, or Is not, present. This is o simple inspection case.
Note that all the curves lic above the ne-inspectjon line, showing that inspec-
tions always enhance reliability. And, hecanse they increase monotonically,
high iuitial quality (reliabilitv before fnopection) always enhances final
reliability,

However, quite frequently a crack or cracks can appear at random locations
(as, for example, in the structure in fig. 7). snd, in such a case, the actual
number of cracks is not known., Pigure ¢ ohown the reliability after inspection
as a function of the detectability tor the case where the actual number of
cracks in a given piece i a ranvdon puebher, Poiseon Jdistributed.,  The mean (or
average) number of cracks per picec hofore inspedction Is the parameter shown
beside each curve. Cracks might be anyubore in the structure, Reliability
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is significantly enhanced if detectability is high, (High detectability implies
an effective inspection procedure,) If a part contains, on the average,

10 cracks before inspection, detectability must be very high if the part is to
be reliable after inspection.

Figure 7 is like figure 6, except that figure 7 applies to a case where
25 percent of the structure is inaccessible for inspection., Because there is
a chance that some of the randomly located cracks might be in the uninspected
region, the curves in figure 7 arc lower than the curves in figure 6, Note in
particular that 100 percent reliability cannot be attained, even if cracks are

100 percent detectable. At mean of 1 flaw per part the highest that reliability
can be is about 0,78,

Up to this point, unreliability has been defined as having an overlocked
crack; unreliability has not necessarily meant that a part will fail. (Ways to
build crack-tolerant structures, where the seriousness of small undetected
cracks is minimized, are discussed subsequently.,) Consider the case where an
overlooked crack grows longer under the influence of stress changes due to gust
and maneuver loads., Reliability is redefined to mean that any crack present
will not grow to be “critically long" before the next inspection. A critical
length wmay be the length at which the structure no longer supports limit loads,
or some shorter length, perhaps one that only makes passengers nervous if they
see it, Whatever the chosen definition, critical length is some fixed value
that must not be exceeded, and the structure is reliable only if the critical
length is not reached.

Figure 8 (ref. 4) illustrates a distribution function that represents
crack lengths. The solid curve indicates that short cracks are likely to occur
much more often than long cracks do. After some initial flights the cracks
grow, so that the dashed line represents the new crack length distribution.
During inspection, the longer cracks are likely to be discovered and fixed, so
that the dashed-dot line represents the distribution after inspection. The
dashed-dot line fairs into the dashed curve at the limit of detectability —
shorter cracks are not detectable. During subsequent flights, unrepaired
cracks continuce to grow.

Figure 9 shows the results of an analysis that recognizes growing cracks.
The two curves illustrate the relative impact of various inspection schedules.,
The abscissa is the frequency of inspection; it is the number of inspections
scheduled during a period whuse length is such that a just-detectable crack can
grow to cratical length., The two symbols have the following definitions:
t. 1is the time at which a crack just becomes critically long and ty 1is the
time at which the crack becomes long enough to be detectable (for example,

detectable 90 percent of the time). The curve ;o illustrates the reliability
for surviving one ingpection poerica with we initial Inspection,  ‘the curve o,
is for sgurvival of one period with an jnitial fnspectiong it jo aigher beciause ™
the cutra faspection is likely to discover rore craclhs tiat could prov to eriti-
cal length Letween iungpectiong,
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;f CNHANCING RELIALLLITY

It is helpful of course, to know what sizce crach nust oo lound to Feep the
structurce reliable between Inspectious, Figure 10 shows “saf¢’ (raci. lengths
plotted against the normalized inspectlon frequency. First, loor at the curve
for a critical crack lengta a, of 100 ww, AL a frequency on two fuspections
during the norual period, all cracks shorter than 7.7 ime st oo uweteeted,  On
the other nand, if de =« (in an Infinftely toupn woterial), aa ingpoector
rust still find all cracks longer than 8.3 W, 8o syiteldng, to o tough naterial

woes not uelp nuca when inspections are Inlrequent,  Tor rore trequent inspec- -
! tions tolerable crack lengths are lJonger, but 2lso tie curves separate. roupher
materials can hielp to alleviate an inspection detectability probies if inspec-
tions are frequent, if the structure remains strong even with noderatels loug
cracks, then, of course, it reuains reliable, Since a noderately long, crace
L can be detectea wore easily than a svort crack, the wetectability probiloen is
g Louderated, and the structure is nore likely to be repaired before the cracl
becones critically long,

Figure 11 (ref. 6) shows how the choice of material intlucnhees performance,
For structures in tension, such as the lower wing surface, stress/density is o
measurc of the load-carrying abhility per pound of structure, digh values on tae
ordinate indicate cfficient structures. e life requircuaent is the lite of the
aircraft, or, perhaps us in this discussion, the Lime between inspections.  Lae
initial flaw (crack) size is the length of a crack Just a bit sraller than thot
which can be detected,  w6ac stocd in the wost of ficient of Lhe threo waterials
if very swall cracks, for csauple, 1w, can be tound.  Ditaniun is iest i
somewhat longer Crack must Lo tolerated; Lut cracks grow relativels fust in
titaniuw, so the useful life is not as long as for 2024-03 aluninue wiic., can
tolerate wwuch longer cracks than the othier tvo woterials con,

&

A In addition to choosing the proper naterial, the structure itsclt con be
o wade crack tolerant (ret. 7). Figure 12 is not only a yrapn ot residuad

: strength, it is also a sketeh of a pancl with 1ive teo stringors, unly the right
_ half of the pancl is sketchied; the pancl is syinotric aicut tie verticad conter
R line (the ordinate)., unly one-half of the cracl i sicwn, L, Loo, do o svibotric,
- Figure 12 shows how riveted stringoers Belp to retain the Joaa-carreing ciility
of a cracked plate,  pere load=-carrying bility io plittee apainst cr.ch Length,
The dashed line shows the strongth of o Plate wita e stittencrs s ot per-

: centage of material in the stiftfencrs Lnercuseny e aoc tia Jon . caraving
. ability. 1his Is becausce the stifteners pich ) i roion D b oo U oradh
: passes underneath,  Some structures have ot ol sttt orore fnatoin of rTive ted
% stiffenerss a pancl with integral stittonors oo oot o vt ot tolorane
: . ag a panel without stiffeners because the stittaror, cor .t criih,
; Thus proper materials dod construction cndan o oo 0 00 0 Lovgeor
: cracks can be tolerated, and an incpector o . f N R I
o long cracls,
"l‘
3
N
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MINIMIZING COSTS OF OPERATION

Reliability methods can be applied to economy of flcet operation. Fig-
ure 13 (ref. 8) shows the cumulative cost of inspection and repair plotted
versus design lifetimes. The data are for a fleet of fighter ajrcraft with a
design life of 6600 flights., The aircraft are inspected cvery 2200 flights,
The top curve is total cost, and the next is repalr cost; the dash-dot curve is
inspection cost. Repair cost is the major contributor to total cost. Note that
the cumulative total cost and cumulative repair cost begin increasing rapidly
after the aircraft has been in service for two lifetimes. Figure 14 is the same
data for inspections scheduled every 1100 flights. 1t is cheaper to inspect and
repair every 1100 flights, chiefly because cracks remain small and are cheaper
to repair. For example, small cracks near holes can be fixed by reaming the
hole, whereas larger cracks may lead to major rework. The lower repair cost
more than offsets the larger inspection cost.

Of course, the cost of extremely frequent inspection might overwhelm the

gain in repair cost, and consequently an optimum inspection frequency exists
ref. 9). Figure 15 shows how this optimum can be found, (Some commercial
transport data were used in computing this figure.) The ordinate is the total
operating cost, including the expected cost of failure of the aircraft, divided
by the cost of failure. (The expected cost of failure is generally low, because
it 48 the product of the cost of failure and the unreliability, and the unre-
liability is a very small number.) The cost of failure can include replacement
cost, insurance losses, ancillary damage, lawsuits, etc. The abscissa is the
number of scheduled inspections per design lifetime. The parameter for the
various curves is the inspection cost divided by the cost of failure. Lach
curve has a minimum, located by the dashed line; at which the cxpected vperating
costs are minimized.

In figure 16 some data have been added to figure 15. The dot-dashed curve
is the probability of failure, calculated by methods somewhat like those dig-
cussed previously. If operations are to be constrained to some value of unre-
liability, such as 103 (reliability of 0.999), then each aircraft must be
inspected at least geven times during its design lifetime. Thus, for a para-
metric value of 10’3, the aircraft must be inspected more often than it would
have been to minimize expected operational costs. But for parametric values
of 104 and smaller, the minimum cost number of inspections leads to reliability
greater than 0,.999. Thus, for certain values of the parameter, enhanced reli-
ability and lower operational costs go together.

CONCLUDING REMARKS

To sum up, inspection effectiveness depends upon structural camplexity,
quality, and the percentage of the structure inspected. Reliability can be
enhanced by choosing materials properly, designing damage-telerant structures,
and increasing inspection frequency. And, for flect operations, costs can be
minimized through proper inspection schedules, and enhinced reliapility can be

compatible with minimum cost.
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Figure 3.~ Typical data and empirical curves for probability

of detection (ref. 1). Empirical curves can be adjusted
to fit experimental data.
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Figure 5.- Quality, detectability, and reliability.
Crack site known.
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Figure 6.- Quality, detectability, and reliability.
Randomly distributed crack sites; 100 percent of
structure inspected.
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Figure 15.~ Optimum number of inspections
per lifetime.
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